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Abstract
At some locations along the s-process reaction path, there exists nuclei with
β-decay rates that competes with the neutron capture rates. Leading to a
new possibility in s-process path because the radioactive nucleus may capture
a neutron instead of undergoing the expected β decay. As a result the s-
process is split into two to account for neutron capture possibility. The nuclei
at which this occur are are known as s-process branch-point nuclei, which are
worth looking into because they can be used to estimate stellar temperature
and neutron density at the s-process site. However studying has proven to be
a challenge since their (n, γ) cross section are usually not measurable by direct
measurements. One of these branch-point nuclei is 185W, and is important due
to the Re-Os cosmochronology whereby the 187Re 187Os pair may be used as a
chronometer to estimate stellar nucleosynthesis duration in the universe before
the formation our solar system. However, the existence of branch point nuclei
at leads to inconclusive analysis. Hence the need for better constraints of their
(n, γ) cross-sections. In this work the nuclear level density and γ strength
function of 186,187W were measured with th Oslo method using 186W(d, d′) and
186W(d, d′) reactions. These new experimental data were successfully used to
constrain 185W(n, γ) cross sections within the Hauser-Feshbach model.
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Introduction
According to the Big Bang model, the universe which is made up of many
galaxies, was created approximately 14 billion years ago by the big bang. This
model is not clear of what happened before the big bang, but there are theories
for nuclear reactions that occurred after it and up to the present day. These
theories were made to try to explain the observed elemental abundances. Less
than 1 second after the Big Bang, the average thermal energy was so high
(> 1MeV) that the protons converted to neutrons and vice versa, through
e− and e+ capture reactions and were indistinguishable [1]. After 2 s the
universe expanded further, cooling down to thermal energies < 1 MeV. At
these temperatures the protons and neutrons were able to retain their identities
and combined to form light elements like hydrogen, helium and trace amount
of Beryllium and lithium. This process is called primordial nucleosynthesis
and took place within a period of 250 s. The most dominant reactions of the
primodial nucleosythesis are illustrated in figure 1.1.
1
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Figure 1.1: The reaction chain for formation of first elements [1].
After this period thermal energies decreased to ∼ 0.1 MeV and the primordial
reactions stopped. The unstable nuclei decayed by weak interactions, leaving
the universe consisting of only protons, deuterons, 3He, 4He, e−, γ-rays and
neutrinos. The atomic era started 380000 years later where temperatures were
approximately 103 K and electrons could remain bound in atoms [1]. The stars
and galaxies were formed after billion years, by gravitational attraction. Some
stars collapsed, giving birth to all new kinds of reactions which still take place
even today.
1.1 Motivation and Objectives
A star may undergo different burning cycles producing elements mainly by
fusion up to iron [2]. After the formation of iron, fusion ceases and there
is not any energy produced to balance the gravitational force pulling star
inwards, as a result the star dies. Clearly there must be some other processes
responsible for the observed elemental abundance of nuclei heavier than iron.
Burbidge and Fowler [3] were the first to suggest that these heavy nuclei are
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mostly produced through neutron capture. The neutron capture occurs mainly
by two processes namely slow neutron capture (s-process) and rapid neutron
capture (r-process), additionally, there exist other processes responsible for a
small number of nuclei which occur by neither of the aforementioned processes.
These processes are rapid proton capture (rp-process), photodisintegration (p-
process) and neutrino capture(v-process), figure 1.2 shows paths of s-, r-, rp-
,p-process in the nuclear chart.
Figure 1.2: Illustration of s-, r-, rp and p-process paths along the nuclear chart
[4].
However this work focuses on s-process only, therefore, the other processes will
not be discussed any further. The s-process occurs by a series of neutron cap-
tures by a nucleus forming isotopes until an unstable isotope is reached. The
unstable Isotope usually does not capture any further neutrons since neutron
capture is usually very slow compared to β-decay rate. The isotope typically
β decay to the next stable isobar, thus the s-process path follows the valley of
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stability. However there are special cases where an unstable nucleus has neu-
tron capture rate and β-decay rate that are comparable in magnitude. Thus,
this nucleus can survive long enough to capture a neutron before β-decaying,
and this splits the s-process path. Such nuclei are called branch-point nuclei,
and are very important because they can be used for various applications such
as constraining astrophysical conditions (stellar temperature and neutron den-
sity) in the asymptotic giant branch stars [5]. However, such analysis require
reliable experimental neutron capture cross sections of these branch point nu-
clei. On the other hand they are problematic because they usually not easily
accessible with direct measurements such as neutron time-of-flight (n-TOF)
method due to their radioactive nature, which makes it impossible to make
the target material, although recent experimental improvements have shown
some promise in this respect [6]. There is certainly a critical need for further
experimental constraints on the branch-point nuclei.
Three of such branch point nuclei are 185W, 186Re, and 186Os, are of impor-
tant because of the so-called Re-Os cosmochronology whereby the 187Re- 187Os
parent to daughter ratio may be used to estimate the stellar nucleosynthe-
sis duration that occurred prior the formation of our solar system [7]. This
chronometer works by comparing abundances of parent(Re) with the daugh-
ter(Os) nucleus. The basic idea is to see how much 187Re has decayed into
187Os. However 187Os is also made through s-process, therefore to find con-
tribution from Os decay, the s-process must be subtracted and only then the
Re-Os can be used for estimation [8]. However, the existence of s-process
branch points at 185W and 186Re [9] induces complications. Hence, the neces-
sity for determining the (n, γ) cross section of these nuclei. This work focuses
on only one branch point nucleus, 185W. Although the (n, γ) cross section is
virtually inaccessible by direct measurements on 185W due to unstable target
nucleus, the compound nucleus following neutron capture, ie 186W is certainly
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reachable in stable beam experiments. Thus, its average statistical properties,
i.e. the nuclear level density and γ-strength function, can be measured through
the Oslo method [10], and the cross section be inferred by means of statistical
calculations within the Hauser-Feshbach formalism [11] implemented in the
TALYS open-access reaction code [12].
The main goal of this study is to constrain the (n, γ) cross sections of 185W
using the nuclear level densities and γ strength functions of the correspond-
ing compound nucleus 186W. The relationship between neighboring isotopes (in
this case from 187W compound nucleus) will be used to deduce 186W properties,
since some of its input parameters are not available. Additionally 187W com-
pound nucleus was used to calculate 186W(n, γ) cross sections and benchmark
the method, since there are various experimental data of 186W(n, γ) reaction
available. In particular, the objectives of this study were to (i) extract the nu-
clear level density and γ strength functions of 186,187W nuclei from particle-γ
coincidences, which were obtained using 186W(d, d′) and 186W(d, p) reactions
respectively, and (ii) use these experimental γ strength functions and nuclear
level densities to calculate the 185W(n, γ) and 186W(n, γ) cross-sections in the
Hauser-Feshbach formalism.
Chapter 2
Literature Review and Theory
2.1 Statistical Nuclear Decay Properties
Nuclear reactions can excite nuclei through single particle excitation and collec-
tive excitation, such as monopole vibration and rotation of oblate and prolate
nuclei. As the nuclear excitation energy approaches the neutron separation en-
ergy, the number of quantum states increase exponentially and their width also
increases. This excitation energy region is known as a quasicontinuum region.
Such energy levels are unresolvable with the current experimental resolution.
Hence they cannot be individually used to investigate nuclear properties, such
as excitation energy, spin and parity. As a result, nuclear decay properties in
the quasicontinuum region are best described using two statistical quantities
which are nuclear level density and γ strength function. These are discussed
in details below.
2.1.1 Nuclear Level Density
Nuclear level density (NLD) refers to the number of energy levels in a unit
of excitation energy. There are numerous theoretical models for prediction
of the nuclear level density but only the Back-Shifted Fermi gas (BSFG) and
6
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constant temperature (CT) models were adopted in this work because of their
simplicity. The BSFG model was proposed by Gilbert and Cameron in 1965,
as a refinement to the Bethe's fermi gas model. According to original fermi gas
model, a nucleus is gas of non interacting fermions confined inside a potential.
In this model, the level density function for an excitation energy Ex is given
by [13]
ρ(Ex) =
√
pi
12
exp (2
√
aEx)
a1/4E
5/4
x
, (2.1)
where the level density parameter a is calculated by
a =
pi
6
(gp + gn), (2.2)
and gp and gn are proton and neutron single level density parameters, respec-
tively. The Gilbert and Cameron refined equation 2.1 to account for pairing
correlations, collective phenomena and shell effects by introducing free pa-
rameters that can be altered to fit the experimental data on level spacings
obtained from neutron and resonance experiments. They proposed a nuclear
level density that is given by [14]
ρ(Ex) =
√
pi
12
e(2
√
aU)
a1/4U5/4
1√
2piσ
, (2.3)
where the U is the back shifted energy ,U = Ex−∆p−∆n, where ∆p and ∆n
represents proton and neutron pairing energies, respectively. The spin cutoff
σ is given by
σ2 = g〈m2〉T, (2.4)
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where g = gp + gn and 〈m2〉 is the mean square number for single particle
states. The temperature T is approximated by
T =
√
U/a. (2.5)
Another model that was used in this work is a constant temperature model.
This model is only applicable at Ex < 10 MeV [14]. It assumes a nearly
constant temperature for all Jpi and its level density is calculated by
ρ(Ex) =
1
T
e
Ex−E0
T (2.6)
where the free parameters T and E0 are the nuclear temperature and energy-
shift parameter, respectively, and have to be fitted to measurements of nuclear
level density.
2.1.2 γ-Strength Function
The γ strength function (γ-SF) is the measure of average electromagnetic prop-
erties of nuclear transitions in the quasi-continuum. The transition can either
occur through photo-absorption from a low energy to excited energy states
or γ-decay from excited states interval to lower energy states. The γ strength
functions corresponding to these modes of transitions are referred to as upward
and downward strength functions respectively. However this work focuses on
the latter and it is referred to as γ-strength function. For simplicity in no-
tation, it is denoted as f(Eγ). According to Ref.[15], the radiative strength
function of a nuclear decay from a states with energy Ei to a lower energy Ef
state, with electromagnetic character X and multi-polarity L, is calculated by
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fXL(Eγ) =
〈Γγl〉
DlE2L+1γ
(2.7)
where 〈Γγl〉 and Dl are the average partial radiative width, level spacing of the
initial states. f(Eγ) is measured with model-dependent experimental methods
(which means you have to rely on the model to extract it from experimental
data). However there exist theoretical models with which it can be calculated
when experimental data is unknown. Such models can also be fitted to known
data and used to extrapolate the experimental f(Eγ) to various energy regions.
However, none of those models were used in the present work and therefore
they will be omitted because they do not affect the final cross section results
and their description is found in [27; 28].
2.2 The Oslo Method
The Oslo Method is an experimental technique that relies models for simul-
taneous extraction of NLD and γ-SF from particle-γ coincidence data. It was
developed University of Oslo in the 1980s by the nuclear physics group. Its
basic idea was to remove all strip the data for other contributions and leave
only information relating to the reaction. It is made up by the following ma-
jor steps: (i) unfolding of γ-ray spectra, (ii) first generation method and (iii)
extraction and normalization of level density and transmission coefficient [10].
2.2.1 Unfolding of γ-ray spectra
As discussed in Section 3.3.2, there are three major processes in which γ rays
interact with detector material namely, photoelectric effect, Compton scat-
tering and pair production. Ideally all γ-rays would be fully absorbed in a
detector and the observed spectrum would comprise only full energy peaks of
the detected γ rays. This is not the case in real experiments. The measured γ
Chapter 2 10
ray spectra consist of the contribution from all three processes. However, the
Oslo method can only be applied on spectra that consist of the true full energy
peaks. Thus, the experimental spectra must be unfolded to remove Compton
background. This is achieved using the iterative procedure called unfolding
method [16] and it is discussed below.
The unfolding procedure relies on experimentally measured detector response
functions. These functions predict the percentage of Compton background at a
given channel for every incident γ ray energy. In principle they should be mea-
sured for every possible γ ray energy but this is impossible. Thus, for NaI(Tl)
detectors used in this project, they were measured for ten mono-energetic γ
rays in the energy range 122 - 15110 keV [16]. These are interpolated to ob-
tain the detector response functions for all other energies. In particular, the
Compton background is interpolated between channels with the same γ ray
scattering angles as shown in figure 2.1.
The single escape, double escape, annihilation and full energy peaks are in-
terpolated by fitting the Gaussian distribution at interpolated energies. The
width of the interpolated peaks is obtained by adjusting the standard devia-
tion such that the experimental resolution is reproduced. Once the detector
response functions are interpolated, they are used to construct the response
matrix R with elements Rij which are the response in channel i due to a γ ray
energy from channel j. The response matrix is normalized such that
∑
i
Rij = 1 . (2.8)
The unfolded spectrum, u, is obtained using f = Ru which is equivalent to
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Figure 2.1: Compton interpolation from measured detector response functions c1
and c2, where c is the interpolated detector response function [16].

f1
f2
...
fN
 =

R11 R12 . . . R1N
R21 R22 . . . R2N
...
...
. . .
...
RN1 RN2 . . . RNN


u1
u2
...
uN
 ,
where f and R are folded spectrum and response matrix, respectively. In
particular, the unfolded spectrum is guessed, folded, compared to the measure
raw spectrum r and improved until the folded spectrum is exactly the same as
r. This is achieved iteratively using following steps:
1) Let the first trial unfolded spectrum u0 equal to the measured spectrum r:
u0 = r
2) Fold u0 according to f 0 = Ru0
3) Calculate the difference spectrum r − f 0
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4) Add the difference spectrum to the first unfolded one u0 and obtain the
next trial spectrum u1 = u0 + r − f 0
5) Fold u1 and obtain a new folded spectrum f 1 according to f 1 = Ru1
6) Continue using ui = ui−1 + (r − f i−1) to find the trial spectra and folding
them until f i ≈ r, where i represent the ith iteration.
The unfolded spectrum ui, is used to calculate the exact contributions from
full energy (photoelectric effect) uf , single escape us, double escape ud, anni-
hilation ua and Compton scattering to the original observed spectrum. These
are subtracted from the raw spectrum, at every channel i, to get the unfolded
full-energy spectrum. This process begins by recognizing that for every chan-
nel i the measured γ spectrum can be written as r(i) = pf (i)u(i) + ps(i)u(i) +
pd(i)u(i)+pa(i)u(i)+c(i). The coefficients pf (i), ps(i), pd(i), pa(i) are probabil-
ity of an event in channel i as a result of full energy absorption, single escape,
double escape and annihilation, respectively. The values of these probabilities
are obtained from Ref. [16].
Thus the unfolded spectrum of full energy peaks is given by: uf (i) = (r(i) −
ps(i)u(i)− pd(i)u(i)− pa(i)u(i)− c(i))/pf (i). This is the spectrum from which
the unfolded excitation energy Ex vs γ ray energy matrix is constructed, after
correcting for detector efficiency.
2.2.2 First generation method
The extraction of NLD and γ-SF requires knowledge of the first generation
(primary) γ spectra for all Ex of the nucleus in question. These are obtained
using the iterative procedure called first generation method [17]. In this tech-
nique it is assumed that states populated through nuclear reactions have same
decay properties as states populated by γ decay at that Ex, and ii) fact that
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the γ spectra fi from an Ex bin i of an unfolded particle-γ coincidence ma-
trix, has all generations of γ rays from all possible decay cascades. Thus the
primary γ-rays of each excitation energy bin is obtained using hi = fi − gi
where gi is the weighted sum of all spectra of lower excitation energy bins j <
i and is given by gi =
∑
j bijwijfj. The coefficient bij is the correction factor
for different cross-sections of populating states in bin i and lower energy levels
in bins j. It is calculated from the ratio
bij =
Sj
Si
(2.9)
where Sj and Si are number of states populated in bins j and i respectively.
The number of populated states in found using the Ex spectrum. The weight-
ing factor wij represents the probability of having decays between bin i to bin
j, and the sum of wij over all j is unity. Thus the distributions of wij and hi
are exactly the same. This relationship is used to find hij and wij simultane-
ously using following iterative algorithm.
1) Apply a trial function for wij.
2) Compute hi from from hij = fi − gj.
3) Give hi the same calibration as wij and normalize the area of hi to 1. This
new hi becomes the new trial function wij
4) If wij ≈ previous wij, then the algorithm has converged, otherwise restart
from step 2.
2.2.3 Level density and transmission coefficient
extraction
The primary γ spectrum hi (from previous section) is used to construct the
particle vs (primary) γ coincidence matrix called first generation (FG) ma-
trix. This is the matrix from which the NLD and γ-SF are simultaneously
extracted. This matrix has a direct proportionality to the probability of decay
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, and according to the Fermi's Golden Rule, the decay probability is directly
proportional to the square of the transition matrix element and the nuclear
level density of an Ex bin to which the nucleus is decaying. Hence, the FG
matrix, Γ(Ex, Eγ), can be factorized according to [10]
Γ(Ex, Eγ) ∝ ρ(Ex − Eγ)T (Eγ) , (2.10)
where T (Eγ) and ρ(Ex − Eγ) are transmission coefficient and level density
at a final state Ef = Ex − Eγ. Equation 2.10 does not depend on the spin
and parity of the initial and final states, which in accordance with the Brink
hypothesis [18]. The experimental first generation matrix is normalized such
that
∑Ex
Eminγ
Γ(Ex, Eγ) = 1 for each Ex bin which is typically 200 keV wide,
depending on the experimental resolution of the Si detectors. The γ trans-
mission coefficient T and the nuclear level density ρ(Ex) are simultaneously
extracted by minimizing the χ2 between the theoretical FG, Γth(Ex, Eγ) and
experimental Γ(Ex , Eγ), where
Γth(Ex, Eγ) =
ρ(Ef )T (Eγ)∑Ex
Eminγ
ρ(Ef )T (Eγ)
, (2.11)
and
χ2 =
1
Nfree
Emaxγ∑
Eminx
Ex∑
Eminγ
(
Γth(Ex, Eγ)− Γ(Ex, Eγ)
∆Γ(Ex, Eγ)
)2
. (2.12)
The parameter Nfree represents the degrees of freedom and is calculated as
N = NP − Nρ − N=, where NP represent the entries number in the primary
γ ray matrix whereas Nρ and N= are data points number in the vectors to
be determined [10]. The ∆Γ(Ex, Eγ) is uncertainty in the experimental first
generation. The limits Eminx and E
max
x must be chosen such that the fitted data
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originates from the quasi-continuum region, and Eminγ must be selected such
that low-energy γ-rays, emitted at discrete Ex and did not properly undergo
first generation method, are excluded. It can be shown that once the values
of ρ(Ef ) and T (Eγ) are obtained, equation 2.12 will have infinitely many
solutions of the form
ρ¯(Ef ) = Aρ(Ef )e
αEf (2.13)
and
T¯ (Ef ) = BT (Eγ)eαEγ . (2.14)
The variables A, B and α are normalization parameters which are computed
using neutron resonance data as explained below.
The values of A and α are acquired by normalizing ρ(Ex) between the known
discrete states level density and level density at the neutron separation en-
ergy, ρ(Sn). The level density in the discrete states is computed by counting
the number of levels which are obtained from [19], while ρ(Sn) is calculated
according to
ρ(Sn) =
2σ2
D0
1
(I + 1)e(−(I+1)2/2σ2) + Ie(−I2/2σ2)
(2.15)
where the σ , D0 and I are spin cut-off parameter at Sn, mean neutron reso-
nance spacing and target nucleus spin in the neutron capture reactions used to
obtain D0. The D0 and I values are extracted from [20] and σ
2 is calculated
using equation 2.4. Lastly, the B parameter is computed using the average
experimental radiative width, Γ(Sn, Itpit), using [21]
〈Γγ(Sn, It±pit)〉 = B
4piρ(Sn, It ± 1/2, pit)
∫ 0
Sn
T (Eγ)×ρ(Sn−Eγ)
1∑
J=−1
g(Sn, It±1/2+J)
(2.16)
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where ρ(Sn − Eγ), T (Eγ), It and pit are experimental nuclear level density,
experimental γ transmission coefficient, spin and parity of a target nucleus in
(n, γ) reactions. The spin distribution on the above equation is given by
g(E, I) =
2I + 1
2σ2
e−(I+1/2)
2/2σ2 . (2.17)
The value of Γ(Sn, Itpit) is taken from neutron resonance data which is provided
in Ref. [20]. The T (Eγ) and γ strength function, f(Eγ) are related according to
TXL(Eγ) = 2piE2L+1γ fXL(Eγ). If it assumed that statistical decays are mainly
dipole then f(Eγ) is given by
f(Eγ) =
1
2piE3γ
BT (Eγ) . (2.18)
2.3 Hauser-feshbach model
The Hauser-Feshbach model is a statistical formalism which allows the calcula-
tion of average (i.e. averaged over many overlapping resonances) neutron cap-
ture reaction cross sections. It assumes that the compound nucleus is excited
to a continuum region where the cross section is a smooth varying function
of excitation energy, which means the transmission coefficient is expected to
be independent of the total angular momentum, J, of a compound nucleus.
According to this model the neutron capture cross-section is given by
σµνjk (E
µ
j ) =
piλ2j
(2JµI + 1)(2Jj + 1)
∑
J,pi
(2J + 1)
T µj (Jpi)T νk (Jpi)
Ttot(Jpi) , (2.19)
where,
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µ, ν = bound states in target I and residual nucleus respectively
piλ2j = 0.6566/[Aˆj · Eµj ]b
Aˆj = reduced mass, AIAj/(AI + Aj)
JµI = spin of µ state in the target nucleus
Jj = spin of the incident particle
Jpi = spin and parity of the compound nucleus
T µj (Jpi) = transmission coefficient for forming compound nucleus
T νk (Jpi) = transmission coefficient at energy Eνk
Ttot(Jpi) = total transmission coefficient for the decay of compound nucleus
with spin and parity Jpi .
The term T νk (Jpi) in equation 2.19 is then calculated by
T νk (Jpi) =
∑
v,X,L
T vXL +
∑
X,L
∫
TXL(Eγ)ρ(E − Eγ, J, pi)dEγ . (2.20)
where TXL(Eγ) is the transmission coefficient of multi-polarityXL for a specific
Eγ. The transmission coefficient of the entrance channel is calculated using the
phase shifts of the scattered neutron wave, which are computed numerically
from neutron optical model potentials [11].
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Experimental Details
The 186W and 187W nuclei were produced using 186W(d, d′) and 186W(d, p)
reactions in the Oslo Cyclotron Laboratory(OCL) situated at University of
Oslo. This was achieved using a target thickness of 3.5 mg/cm2 and 13 MeV
deuteron beam of intensity 1.2 ∼ 2.1 nA. The data reduction and analysis for
this experiment were based on charge-particle γ coincidence events which were
detected with the CACTUS (γ detection) and SiRi (charged particle detection)
arrays. The overview of OCL and details of these detector configurations are
provided below.
3.1 The Oslo Cyclotron Laboratory Setup
At OCL, the cyclotron provides the pulsed light-ion beams (see figure 3.1
for illustration). The beam passes through slit S1 and quadrupole magnet
Q1 where it is collimated and focused, respectively. It then proceeds to the
analyzing magnet where it is bent through 90◦. It then passes through slits
S2, S3, S4 and quadrupole magnets, Q2 and Q3 where it is collimated to about
1 - 2 mm at the target position.
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Figure 3.1: Schematic drawing of the OCL, modified from Ref. [23].
3.2 Electronics and Data Acquisition
At OCL, multichannel power supply system provides power to photomultiplier
tubes of Na(Tl) detectors in CACTUS. Additionally, high voltage (HV) sup-
plies NaI(Tl) detectors with 700 - 800V. The thick (E) and thin ∆E of SiRi
array are biased each by 30V and 350V, respectively, by high precision bias
units. All the signals from ∆E and E detectors are enhanced by 16-channel
preamplifiers, located very close to scattering chamber to limit cable induced
noise. Signals from ∆E and E array are sent to multichannel spectroscopic
amplifier and timing filter amplifier (TFA) in data acquisition room. The sig-
nal from E detector triggers an event to start while signal from NaI(Tl) will
trigger a stop signal in the time to digital converter (TDC) module. The time
window for each event is set to ≈ 200 ns. The TFA sends a signal to lead-
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ing edge discriminator where particle detectors signals that are in coincidence
with CACTUS are taken. Once the coincidence event occurs the analog to
digital converter and TDC sends information to data acquisition room [50].
The figure 3.2 shows the electronics found in data acquisition room of OCL.
Figure 3.2: Block illustration of electronics in data acquisition room at OCL [50].
3.3 Radiation Interaction with Matter
The way radiation interacts with matter is the foundation of radiation detec-
tion and measurement. Different processes in which heavy charged particles
and photons interact with matter are discussed below.
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3.3.1 Charged Particles Interaction with Matter
Heavy particles, such the α particles interact with a stopping medium through
i) collisional losses with the atomic electrons and ii) radiation losses (bremsstrahlung)
in the vicinity atomic nuclei. The latter rarely occurs, and is considered at very
low projectile energies and also depends on proton number. Upon entering the
absorber, a heavy charged particle interacts simultaneously with many elec-
trons in its path. As a result, it experiences an electric field and its energy is
transfered to those atomic electrons. Depending on how close the electron is to
the particle, interaction may either excite or ionize many atoms in its passage
through the material. The energy loss of the particle due to each interaction
with an electron is very small, but because the number of collision per length
is quite large, the particle may eventually lose all its energy and stop. The
path of heavy particles tend to be straight because they are not greatly de-
flected by collision. Once the ionization is done electrons usually to recombine
with positive ions. In some detectors this recombination is suppressed to use
the number of electron-ion pair as the basis of detector response. In some
cases an electron may gain enough energy to cause secondary ionization. Such
high-energy electrons are called δ electrons. The process of slowing down may
be interpreted as average energy lost per unit path length. The rate at which
charged particles lose energy per unit length is called stopping power of the
absorber. The stopping power is calculated using the Bethe-Bloch formula
according to [24],
− dE
dx
≈ 4pie
4Z2p
mev2
NAρ
Zt
Mt
ln
2mev
2
I
(3.1)
where,
Chapter 3 22
Zp = charge of incident particle
v = projectile velocity
Zt = Absorbing material atomic number
Mt = Absorbing material atomic mass
me = Electron mass
e = Electron charge
ρ = Density of absorber
I = average excitation and Ionization potential .
From equation 3.1 its shown that the stopping power increases with the de-
creasing particle energy, except at high energies where the logarithm part of
equation 3.1 dominates. It also increases with Z2p and ρ. Hence heavy particles
will lose a significant amount of energy in the same stopping medium.
3.3.2 γ rays Interaction with matter
Photons such as γ rays interact with matter through the following three major
processes: (i) photoelectric effect, (ii) Compton scattering and (iii) pair pro-
duction. In contrast to heavy particles, a γ-ray either transfers all its energy
to the electron of an absorber atom and be absorbed or transfers some of its
energy to be deflected through a significant angle. These types of interaction
are discussed below.
Photoelectric Effect
The photoelectric effect occurs when incident photon (γ-rays) has enough en-
ergy to overcome the electron binding energy in an absorber material. The
photon will transfer all of its energy to one electron of the absorber atom,
leading to the emission of an electron, with kinetic energy given by
Ee = Eγ − Eb (3.2)
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where Eγ and Eb represent the energy of incoming photon and binding energy
the material respectively. Since it is impossible for a free electron to absorb a
photon and conserve linear momentum simultaneously, the photoelectric effect
always goes for the tightly bound electrons, with an atom absorbing the recoil
momentum. In photons with energies of at least 100 keV, the photoelectrons
are most likely to originate from the K-shell [24]. The ejected electron leaves
a vacancy, That is immediately filled by an electron from a higher energy shell
or a free electron from other atoms of the absorber. As result of this process
the characteristic x-rays or Auger electrons are emitted (see figure 3.3 below).
Figure 3.3: Photoelectric effect(figure modified from [25]).
In most cases they are completely absorbed very close to the primary photon-
electron interaction site and their energy is kept by the stopping material. The
photoelectric effect probability, for photon energies higher than 100 keV, can
be approximated using [24]
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Pphoto ≈ Z
n
E
7/2
γ
(3.3)
where Z is the absorber atomic number and n is the energy dependent variable
which varies between 4 and 5 for 1 keV ≤ Eγ ≤ 5 MeV. This equation shows a
strong dependence on Z. Hence the photoelectric effect is most likely to take
place in high Z materials such as lead, and is less probable for high energy γ
rays.
Compton Scattering
In Compton scattering, an incident photon from a free (Eγ  Ee) is deflected
by an electron at an angle θ relative to its original direction. This process
is illustrated in figure 3.4. The photon transfers some of its energy, from
small to a large fraction depending on the scattering angle, to the electron.
The remaining scattered photon energy is calculated, based on the laws of
conservation of energy and momentum, according to
E ′γ =
Eγ
1 + Eγ
mec2
(1− cosθ) (3.4)
where mec
2 is the electron rest mass.
The probability of Compton scattering per absorber atom is directly propor-
tional to the electron number and inversely proportional to the γ ray energy.
Pair Production
Pair production is the process where by a photon of energy E ≥ 1022 keV is
changed into an electron-positron pair in the field of an atom. The photon
energy has to be greater or equal to 1022 keV so that it can be transformed
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Figure 3.4: Compton effect [24].
to the individual rest masses of the positron and electron. The excess energy
(Eγ - 1022 keV) of the photon is shared as kinetic energy by the positron and
electron. Both these particles will be slowed by the absorber and the positron
will annihilate with an electron. As a result two 511 keV photons are emitted
in opposite directions in order to conserve momentum. The pair production
probability increases with the increase in the absorber atomic number, Z, and
incident photon energy [24]. This dependence on the Z is supported by the
fact that a heavy body is required so that both energy and momentum are
conserved.
Figure 3.5: Pair Production [24].
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3.4 Detectors
Currently radiation detectors are the very reliable instruments which are uti-
lized to study nuclear reactions involving γ-rays, protons and α particles.
There are many types of detectors, and each has its own advantages and dis-
advantages depending on the purpose of an experiment. The scintillation and
semiconductor detectors which were utilized in this work are discussed below.
3.4.1 Scintillation Detectors
In scintillation detectors, incoming radiation from a reaction is absorbed in
a scintillator that is located inside the detector, hence exciting its molecules
and atoms. The atoms in the crystal de-excite within ≈ 10−8s by emitting
visible light [24]. This light will strike the photo-cathode (photo-emissive ma-
terial such as Cesium antimony) of PMT, which releases at most one electron
per incident light photon. These photoelectrons are attracted to the dynodes
(starting from the one closest to the photo-cathode) and multiplied. These
dynodes are kept at the typical voltage of 200 - 400 V and made of secondary
emissive materials such as magnesium oxide (MgO), beryllium oxide(BeO) and
gallium phosphide(GaP) coated on stainless steel substrate electrode. Hence
the incident photo-electrons eject secondary electrons from the first dynode.
In this way the number of electrons is multiplied. The multiplication will de-
pend on the potential difference of the dynode and energy of electrons that
are striking it. The electrons emerging from a dynode are attracted to the
next dynode which has 50 - 150 V higher potential difference than the pre-
ceding one. The multiplication of electrons continues up to the last dynode
as illustrated in figure 3.6. This process takes place through typically 9 to 12
dynodes in total, until a large number (typically 610 for 10-stage photomul-
tiplier tube with average multiplication factor of 6 per dynode) of electrons
is produced and collected in the anode. A good scintillator detector must be
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transparent to its own light and have high chances of converting the absorbed
energy into fluorescent light. In most scintillators the light output is directly
proportional to the absorbed energy, which makes them the right candidates
for energy measurements despite poor linearity and resolution. Other advan-
tages of scintillators are fast response, recovery times and variety of sizes. A
reflective foil is always needed for recapturing the escaping light. Scintillators
have two categories namely organic and inorganic scintillators. For this work
the inorganic NaI(Tl) crystal, was used.
Figure 3.6: Schematic of scintillation detectors [24]
3.4.2 Semiconductor Detectors
Semiconductor detectors are based on the creation of the p-n junction. This
is a region at the boundary between an n-type (such as silicon doped with
phosphorus) and p-type (such as silicon doped with boron) semiconductor
materials [24]. The n-type material electrons move across the boundary into
the holes of the p-type material, and thus creating a depletion region. This
depletion zone represents the active volume of the detectors and is significantly
enlarged by applying an external reverse bias voltage to the junction. The
electron-hole pairs are created when an incident radiation transfers the energy
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on depletion zone. The newly framed pairs are swept out by electric field
such that electrons are collected at the anode and holes in the cathode (see
figure 3.7 for illustration). Thus a voltage signal that can be translated to
the energy deposited is produced. Semiconductors such as silicon detectors
require a typical energy of 3.8 eV to create an electron-hole pair. This is
lower by at least ten times in when comparing to other types of detectors
such as scintillation detector. Thus, for the same amount of energy deposited,
semiconductors will produce a considerable large number of charge carriers
than any other type of detector. Hence, their energy resolution is greatly
improved. Furthermore, signal pulse height of these detectors is proportional
to the incident radiation energy and therefore their response is very linear.
The semiconductor detectors used in this study are silicon detectors which
are very useful for detection of charged particles. They have approximately
100% intrinsic efficiency because most of the incident charged particles will be
able to ionize the depletion region. This is because the experimental setups
are usually chosen such that the depth of the depletion region is deeper than
the incident particle's range. On the other hand semiconductor detectors can
experience thermal generation of electron-hole pairs. This gives rise to the
leakage current that leads to degradation in the signal to noise ratio of the
output pulse. However, this is usually only significant in germanium detectors
which have small bandgap and not silicon detectors.
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Figure 3.7: Schematic layout of semiconductor detectors.
3.5 CACTUS Multi-detector Array
the CACTUS multi-detector array used to measure energies γ rays. It consists
of 26 NaI(Tl) detectors (5" × 5" crystals) which are placed at a radius of 22
cm from the target and mounted on a spherical frame, resembling a cactus
plant (see figure 3.8) and hence its name. Conical lead collimators of 10 cm
thickness and 7 cm diameter are placed at the front surface of these detectors,
giving a solid angle of 17 % of 4pi sr. The cross-talk between adjacent detectors
is eliminated by 3 mm thick lead sheets surrounding each NaI(Tl) detector.
Furthermore a copper absorber with thickness 2 mm is also placed in front
of each detector to suppress x rays. In total this array has an efficiency and
energy resolution of ≈ 14.1 % and ≈ 7 % FWHM for 1.3 MeV γ-ray transitions.
Chapter 3 30
Figure 3.8: The CACTUS array at OCL [23].
3.6 The SiRi Array
The SiRi (silicon ring) array comprises 8 (with trapezoid shape) ∆E − E
telescope detectors forming a ring (see figure 3.9). The ∆E and E detectors
are made with ≈ 130 µm and 1550 µm thick Silicone detectors, respectively
[26]. The front thinner detectors are separated by few mm from the thicker
ones. This makes it possible to separate various charged ejectiles such as
protons, deuterons, 3He and α, due to their different masses and energy loss
through the ∆E detectors. The position of this detector telescope relative to
the target and beam axis is illustrated in figure 3.10.
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Figure 3.9: The SiRi particle telescope [26].
Figure 3.10: The placement of Si particle-telescope with respect to beam direction
[26].
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Figure 3.11: Layout of one ∆E detector [26].
Each ∆E detector is divided 8 times (see figure 3.11), while E is not(making
8 ∆E strips per E), miking a total of 64 ∆E − E sub-telescopes. This seg-
mentation is used to reject pile-up events in each E detector shared by 8 ∆E
strips, by ensuring that signal comes from one ∆E pad per time. The mean
scattering angular range covered by each detector telescope is 40◦ to 54◦ in
steps of 2◦ per strip. In front of the segmented ∆E modules, an aluminum foil
cone with 10.5 µm thickness is placed to shield the SiRi array from δ electrons
ejected from the target atoms during the experiment. This setup covers a total
solid angle of 6 % of 4pi sr and gives a typical energy resolution of 200 keV for
d elastic peak.
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Analysis and Results
4.1 Silicon Detectors Calibration
The silicon detectors were calibrated by fitting the experimentally observed
∆E − E matrices to the theoretically calculated ones. One of the theoretical
∆E − E matrices are shown in figure 4.1 and they were calculated using the
Bethe-Bloch formula (see equation 3.1). The horizontal and vertical axes are
energies expected to be deposited by charged particles in ∆E and E detectors,
respectively. This calculation also accounts for energy losses in the Al foil used
to shield silicon detectors from δ-electrons.
The corresponding calibrated ∆E-E plot is shown in figure 4.2 (a). It clearly
reveals all three banana − like energy distributions which correspond to the
186W(d, p),186W(d, d) and 186W(d, t) reaction channels. The same calibration
was also done for the 12C(d,p) and 12C(d,d) experimental data, which was
needed for the calibration of NaI(Tl). It is also shown in figure 4.2 (b).
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Figure 4.1: The simulated ∆E − E plot of the first ring. Data points shows
calculated states necessary for calibration.
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Figure 4.2: The calibrated ∆E − E plot for 186W (d,X) (a) and 12C(d,X) (b)
reactions.
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4.2 Calibration of NaI detectors
The linear calibration of NaI(Tl) detectors was achieved by using the 764 and
3089 keV γ rays of 13C which was produced in 12C(d, p) reaction. A 2D gate
was set on the proton channel of figure 4.2 (b). The energies of these selected
charged particles where converted into the excitation energy of 13C nucleus,
using the kinematics and Q-value of the reaction. The resultant excitation
energy spectrum of 13C is shown in figure 4.3. The γ ray spectra used for
calibration were obtained by gating on 3089.4 and 3853.8 keV excitation energy
peaks. One of these spectra is shown in figure 4.4.There are 26 spectra of this
nature which were use to calibrate all 26 NaI(Tl) detectors of the CACTUS
array with the resolution of ≈ 14.1 %.
Figure 4.3: The excitation energy spectrum for 13C obtained from p energies out
γ ray coincidence requirements. These are calculated from energies measured on the
SiRi array with resolution of 200 keV for d elastic peak
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Figure 4.4: The γ spectrum of 13C used for calibration.
4.3 Time Calibration
During the experiment, silicon and NaI(Tl) detector's signals are used as start
and stop signals of the Time-to-Digital Converter (TDC), respectively. The
rise time which is the time it takes for a signal to reach a voltage specific
level, depends on its amplitude. The low energy events have longer rise time
compared to high energy events. Hence the low energy signals will cross the
discriminator threshold later in time compared to the higher energy ones. This
effect is known as walk− effect and is demonstrated in the time vs γ-energy
matrix shown in figure 4.5. It is corrected by fitting a function of the form
t(x) = a+
b
x+ c
+ dx+ 200, (4.1)
to the energy vs time matrix and find values for coefficients a, b, c and d for
the energy vs time matrix. Where t(x) and x are channels corresponding to
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time and γ ray energy, respectively. The intercept, 200, of equation 4.1 is for
ensuring that all prompt time peaks are aligned and positioned at channel 200,
as shown in the figure 4.6. Similar matrices were obtained for the 186W (d, d′)
reaction channel.
Figure 4.5: The uncorrected energy vs time matrix of the CACTUS multi-detector
array for the 186W(d, p) reaction.
The time spectra of 186,187W nuclei were obtained by projecting their corre-
sponding energy vs time matrices onto the time-axis. These are provided in
the figures 4.9 and 4.10 and used in the next section for extraction of particle-γ
coincidence events.
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Figure 4.6: The γ energy vs time matrix of 186W(d, p) corrected for walk effect.
4.4 Particle γ Coincidence Matrices
The Oslo Method, utilized for extraction of NLD and γ-SF, is based on particle
γ coincidence events. These were extracted for both 186W and 187W nuclei, by
gating on the proton and deuteron particles (see figures 4.7 and 4.8) and the
corresponding prompt time peaks.
The prompt time peaks (see figures 4.9 and 4.10) were both t2 − t1 = 70 ns
wide. The excitation energy, Ex, vs γ energy matrices which were generated
from these coincidence events are provided in figures 4.11 (a) and (b). They
were also corrected for random events by subtracting events were that obtained
by gating on the corresponding random time peaks (see figures 4.9 and 4.10)
which are also t′2-t′1 = 70 ns wide . These excitation energies were constructed
from p and d energies using kinematics and Qvalue of reactions.
The diagonal line (Ex = Eγ lines) in the Ex vs Eγ matrices represent direct
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Figure 4.7: The ∆E − E plot for the 186W(d, d′)186 gate.
decays to the ground states and also show that every excited state, indeed,
emitted γ rays with energies less than or equal to the excitation energy. Thus,
the observation of this diagonal line also confirms that both NaI(Tl) and Si
detectors were properly calibrated. There is also a decrease in the number of
counts at Ex ≈ Sn, in the case of 186W, because above this energy the 186W(d,
p n γ) starts competing with 186W(d, pγ) channel. This effect is not visible
in the 186W matrix because the chosen reaction could not excite this nucleus
up to Sn. However, this was constructed using the same gain coefficients and
kind of kinematics used in the case of 187W, and thus providing confidence in
the Ex vs Eγ matrix of
186W.
Chapter 4 41
Figure 4.8: The ∆E − E plot for the 186W(d, p)187 gate.
Figure 4.9: The time-axis projection of γ energy vs time matrix for 187W (figure
4.6) after time calibration and walk correction. t1 and t2 are used to gate on prompt
peak while t′1 and t′2 gate on random events.
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Figure 4.10: Time axis projection of time vs γ energy matrix for 186W.
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Figure 4.11: The particle-γ coincidence matrix of (a) 186W(d, p) and (b)
186W(d, d′).
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4.5 Nuclear Level Densities and γ Strength
Functions
The continuum γ ray spectra contained in the Ex vs Eγ matrices, which are
provided in figures 4.11 (a) and (b), still contain contributions from Compton
scattering, pair production, and single and double escape peaks. To extract
the γ-SF and NLD with the Oslo Method, we need primary-γ spectra (also
know as first generation γ spectra) that have only full-energy peaks. Thus,
the continuum gamma spectra are unfolded using the iterative method which
is discussed in Section 2.2.1 . These unfolded spectra are then used to extract
primary γ ray spectra with the first generation method which is also discussed
in Section 2.2.2. The primary γ ray matrices, also known as first generation
matrices, for both W isotopes are shown in figure 4.12 and 4.13. Both matrices
show holes of little to no data. This is an artificial effect which is due to the
over subtraction of counts in the first generation iteration method. When
selecting an area of extraction for the statistical properties, areas with over
subtraction are avoided to reduce any further uncertainties.
Figure 4.12: First generation matrix for 186W nucleus.
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Figure 4.13: First generation matrix for 187W nucleus.
It is these matrices from which the NLD and γ-SF are extracted. To achieve
this, we define a theoretical first generation (FG) matrices according equation
2.11 and fit them to both experimental FG matrices using χ2 minimization as
defined in equation 2.12. This fit is performed in each, 200 keV wide, excitation
energy bin in the quasi-continuum regions. During this χ2 minimization the
nuclear level density and γ transmission coefficient are treated as free parame-
ters. Hence, they are simultaneously extracted, for each nucleus, when the χ2
has converged. It is difficult to tell with certainty the excitation energy where
the quasi-continuum region begins. Hence the lowest energy above which FG
matrices are fitted were chosen such that these fitted regions comprise continu-
ous distribution of counts and no obvious discrete energy peaks. Furthermore,
the unfolding method fails at γ ray energies below 1 MeV. These are also ex-
cluded in the extraction of the statistical nuclear properties. The fitted Ex vs
Eγ regions are Eγ > 1 MeV and 2.5 MeV < Ex < 5.7 MeV for
186W, and Eγ
> 1 MeV and 2.3 MeV < Ex 5.2 MeV for
187W. The goodness of fits are also
illustrated in figure 4.14 and 4.15 and they show that the experimental and
theoretical FG matrices agree reasonable well within error bars.
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Figure 4.14: The goodness of fit for the first generation matrix of 186W. The y-axis
represents γ decay probability of particles at specific excitation energy
The resultant transmission coefficients , T (Eγ), and nuclear level densities,
ρ(Ex), obtained at this stage are just mathematical solutions possible after
the χ2 minimization, and not necessarily the actually transmission coefficients
and nuclear level densities of 186,187W nuclei. However, it has been shown that
infinitely many of such solutions can be found and written in the functional
form shown in equations 2.13 and 2.14. These were normalized to the known
level density of discrete states and the level density at separation energy, ρ(Sn),
calculated at the neutron separation energy. In this work the discrete states
were taken from [19], while the ρ(Sn) was calculated using equation 2.15 which
is is directly proportional to the Back-Shifted-Fermi-Gas spin cut-off parameter
and inversely proportional to the average neutron resonance spacing.
The normalization parameters for both nuclei are shown in Table 4.1. The
neutron resonance spacing, D0, and Γγ for
187W were obtained from Ref. [20],
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Figure 4.15: The goodness of fit for the first generation matrix of 187W.
Isotope σ D0 (eV) ρ(Sn) (10
5MeV−1) Γγ (meV) T (MeV) E0 (MeV)
186W 4.87 7 ± 0.7 43.37 ± 9.192 74 ± 14.8 0.546 -0.826
187W 4.75 99 ± 8.0 10.66 ± 1.70 51 ± 7.0 0.535 -1.625
Table 4.1: The normalization parameters of W isotopes
while for 186W they are unavailable in the literature since 185W is unstable.
Thus the neutron resonance spacing was obtained by normalizing the ρ(Ex)
such that it has the same slope as 187W nuclear level density as shown in figure
4.16
The corresponding Γγ was estimated using a TALYS reaction code's spline fit.
This normalization approach has recently been applied in [29] for Lanthanum
isotopes. This is because it is expected that the nuclear level density of the
neighboring isotopes has the same slope as it has been observed in other nuclear
species [30; 31; 32]. The normalized nuclear level densities of 186,187W nuclei
are shown in figures 4.17 (a) and (b). The dotted lines are the interpolation,
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Figure 4.16: The nuclear level density slope comparison for D0 estimation of
185W.
obtained using the CT Model, between the experimental nuclear level density
and ρ(Sn). This normalization yields values for the A and α parameters of
equations 2.13 and 2.14. The value of the normalization parameter B of equa-
tion 2.14 is computed with equation 2.16 which is based on the experimental
and estimated average radiative width, Γγ and average neutron spacing D0.
This normalized T (Eγ) is converted into the γ strength functions, f(Eγ), ac-
cording to equation 2.18. The resultant values for f(Eγ) of
186,187W are shown
in figures 4.18 (a) and (b).
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Figure 4.17: Nuclear Level Density for 187W (a) and 186W (b). The arrows are
just for selecting the region for normalization
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Figure 4.18: The normalized γ strength function of 187W (a) and 186W (b).
Chapter 5
Discussion
The extracted NLD and γ-SF described in the previous chapter were used in
Hauser-Feshbach formalism, used in the TALYS reaction code [12], to calcu-
late the (n, γ) cross-sections constraints. These are obtained using the possible
extreme values of NLD and γ-SF of the compound nuclei 186,187W. These re-
sulted from uncertainties in the D0 and Γγ. Hence, the normalization of ρ(Ex)
with D0 + ∆D0 and D0 - ∆D0 yielded lower and upper errors-bars of ρ(Ex),
respectively. On the other hand the possible upper extreme values of the γ
strength functions resulted from normalization using D0 - ∆D0 and Γγ + ∆Γγ,
while the possible lower extreme values was obtained by normalizing with D0
+ ∆D0 and Γγ - ∆Γγ. These error-bands are provided in figures 5.1 and 5.2
and the corresponding normalization quantities for both nuclei are also shown
in Table 5.1.
isotope D0 Γγ E0(MeV ) T (MeV)
186W
Upper 6.3 81.4 -0.826 0.546
Lower 7.7 66.6 -0.826 0.546
187W
Upper 91 58 -1.227 0.535
Lower 107 44 -0.666 0.570
Table 5.1: Table for different combinations of D0 and Γγ for calculating upper and
lower cross section errors.
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Figure 5.1: The γSF (a) and nuclear level density (b) error-bands of 186W.
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Figure 5.2: The γSF (a) and nuclear level density (b) error-bands of 187W.
The resultant lower and upper extremes neutron capture cross section are pro-
vided in figures 5.3 (a) and 5.3 (b). The 186W nucleus is stable and therefore
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there exist experimental data from direct measurements obtained using the
neutron time-of-flight (n-TOF) method. These are compared with the cross
sections calculated in this work for 186W and thus used as benchmark case
for the present study. It is clear that most of the known data are well repro-
duced by the present experimentally constrained calculations (see figure 5.3
(a)), especially in the neutron energy range relevant for s-process (10-50 keV),
providing confidence in the method and hence on the new 185W(n,γ) cross sec-
tions (see figure 5.3 (b)). The known 186W(n,γ) cross sections are available on
EXFOR database [33] and are the experimental efforts of Refs. [34; 35; 36; 37].
It is observed that the data from [34] does not agree completely all the cross
sections, however this is beyond the scope of this work but is worth looking
into, in the future. The 185W(n, γ) cross sections obtained in this study are
first-ever experimentally constrained neutron capture cross section data for
185W in the energy region relevant to s-process.
The (n, γ) cross sections for 185W and 186W can be useful in estimation of
the reaction rate in hot stellar environments. This is where the target nucleus
exists in thermally excited states and not confined to ground state. At such
environments, the relative velocities vT obey the Maxwell-Boltzmann distribu-
tion (MBD). Hence the reaction rate in hot stellar environments for neutron
induced reactions can be obtained by integrating our neutron capture cross
sections over the MBD of neutron energies. This step is one of the future
plans of this project.
Futhermore, the γ-ray strength function(γSF) of 186W shows an up-bend at
Eγ < 3 MeV (see figure 4.18 (b)). Although the evolution of this feature in the
nuclear chart has not been thoroughly investigated, but it has been observed
in γ-SF of several nuclei (44,45Sc, 50,51V, 44−46Ti, 56,57Fe, 93,98Mo, 138La, 74Ge)
[38; 39; 40; 41; 42; 43; 44], which were measured using Oslo method. Its exis-
tence in the Mo isotopes has also been independently confirmed with a model-
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independent experimental approach, known as Ratio Method, by Ref. [45].
Although there is still no conclusive theoretical explanation for the up-bend
but there are different theoretical efforts which have been able to reproduce it
in nuclei where it has been already observed. For example according to Ref.
[46] it may result from the reorientation of spins with high-j neutron and pro-
tons orbits giving M1 radiation, while Ref. [47] predicts that it may be caused
by the single particle transition from quasi-continuum emitting E1 radiation.
These were based on Shell model calculations and thermal continuum quasi-
particle random phase approximation (see figures 5.4 and 5.5 for illustration).
The 186W isotope is currently the heaviest nucleus where the up-bend has been
observed. There is no doubt that this structure should be further scrutinized
experimentally to understand its physical origin, especially because it has been
shown if it indeed exists in neutron rich nuclei, it can boost r-process reaction
rates by up to 100 times [48; 49].
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Figure 5.3: The (n, γ) cross sections for (a)186W and (b) 185W nucleus.
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Figure 5.4: Experimental and theoretical γ strength function of 94Mo [46].
Figure 5.5: Experimental and theoretical γ strength function of 94Mo [47].
Chapter 6
Summary and Future Outlook
In the s-process path there are certain locations with unstable nuclei which
have neutron-capture and β-decay rates that are comparable in magnitude.
These nuclei split the s-process into two branches and therefore are referred to
as s-process branch points. They are of special interest because they can be
used to determine the constraints of s-process temperature and neutron density
in the asymptotic giant branch (AGB) stars. These quantitative analysis re-
quire high quality experimental neutron capture cross section data. However,
such data cannot be obtained with direct measurements since it is impossible
to make target material of these unstable nuclei. One of such branch points
is 185W which is not only important for constraining astrophysical conditions
in the AGB stars, but it also plays a major role in the so-called Re-Os cos-
mochronology. However, it has been pointed out in the literature that the
possible existence of s-process branching at 187W induces complications in the
quantitative interpretation of this cosmochronometer.
The 185W(n, γ) cross sections has been successfully constrained within the
Hauser-Feshbach model, using the experimental γ strength function and nu-
clear level density of 186W nucleus. These statistical nuclear properties of 186W
were obtained using the 186W(d, d′) reaction. The data analysis was performed
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using the Oslo method applied on charged particle- γ coincidence events. Dur-
ing the experiment, SiRi array was used charged particles detection, while
γ rays were measured in the CACTUS multi-detector array. This indirect
experimental method of constraining neutron-capture cross sections was also
benchmarked by comparing the new 186W(n, γ) cross sections, obtained in the
present study, with various experimental data taken from literature. This com-
parison showed an excellent agreement, providing confidence in method and
our extracted 185W(n, γ) cross section data. The new obtained cross sections
data will be included large network calculations in future, to reduce uncertain-
ties that arise from s-process production of Os. Once enough data is taken
from nuclei in s-process path, the contribution of s-process can be removed
from Os giving better estimate in the β decay duration of Re.
Furthermore, the γ strength function of 186W showed a low energy enhance-
ment at Eγ < 3 MeV, and this is the heaviest nucleus where this structure
has been observed. This confirms the hypothesis of Ref. [29] which says that
an upbend is not confined within the nuclei with mass A < 106. Although
there is no conclusive theoretical explanation for this low energy structure,
it is vital to systematically investigate its extent in the neutron rich nuclei
where it can significantly enhance r-process reaction rates. We are also plan-
ning to normalize the γ SF and NLD of 186,187W using other spin distribution
models such as the Hartree-Fock-Bogoliubov + Combinatorial (HFB+comb.)
model. This is not expected to have a major effect on the neutron cross
sections, as already shown by Ref. [29], but it will be checked before an at-
tempt for publication of present results is made. Once this normalization with
the (HFB+comb.) is completed the 185W(n, γ) cross sections will be inter-
grated over the Maxwellian-distribution averaged cross sections of 185W at the
s-process temperature. Our Maxwellian averaged cross sections will also be
compared with the work of Sonnabend et al [51].
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